The synthesis of photochromic 3,3-di(4 -fluorophenyl)-3H-benzopyrans fused to an indole moiety is described. The structures of photomerocyanines elucidated by NMR spectroscopy and spectrokinetic data (λ max of colored form, colorability, and rate constant of bleaching) obtained by UV-visible spectroscopy are reported.
INTRODUCTION
Photochromism of benzopyrans can be defined as the photoinduced bond cleavage leading to equilibrium between different photoisomers [1, 2] . Such structures commonly named open and colored forms have a distinct absorption spectrum generally in the visible range and return to the initial closed form via thermal or photochemical pathways. These properties find applications in many industrial fields, the most known being in ophthalmic glasses [3] . In the course of developing photochromic performances, research of structures giving rise to high colorability, fast thermal or photochemical bleaching, and low degradation is the subject of many investigations. Indeed, the photochromic parameters depend significantly not only on the relative positions of the heteroannellation on the benzopyrans but also on the introduction of electron donating and withdrawing groups.
Recent NMR studies on closed and colorless 3,3-diphenyl-3H-naphthopyrans underlined the formation of two isomers of open colored form, namely, the photomerocyanines TC and TT [4] . Coupling NMR spectroscopy and UV-visible studies makes it possible to envisage a better understanding of mechanism involved in the photochromic reaction [5] [6] [7] [8] . Some of us have recently reported the synthesis and properties of new benzopyrans containing an indole moiety. According to the nature of substituent on the nitrogen atom (hydrogen or methyl), they presented after irradiation different absorption spectra and different rate constants of bleaching [9] . Then, we decided to understand the origin of this phenomenon using two spectroscopic approaches: UV-visible and nuclear magnetic resonance. To do that, fluorinated 2H-benzopyrans have been synthesized to use this nucleus as molecular probe in 19 F NMR spectroscopy, in addition to 1 H NMR.
In the present paper, we report the synthesis of 3,3diphenyl-3H-benzopyrans substituted by fluorine atoms in para position of both phenyl groups and annellated in 5, 6 position to an indole moiety (Scheme 1). The structural identifications of photoproducts and thermodynamic parameters obtained by NMR spectroscopy and spectrokinetic properties (λ max of colored form, colorability, and rate constant of bleaching) obtained by UV-visible spectroscopy are here compared and discussed.
EXPERIMENTAL DETAILS
NMR spectra of CF-1 (5.10 −3 M in toluene-d 8 and acetoned 6 ) and CF-3 (5.10 −3 M in toluene-d 8 ) were acquired using Bruker DPX300 NMR spectrometer operating at 300 MHz ( 1 H), 75 MHz ( 13 C), and 282 MHz ( 19 F). UV irradiation of the samples in the NMR tube was performed in a home-built apparatus with a 1000 Watt Xe-Hg lamp, equipped with filter Schott 011FG09 (259 < λ · < 388 nm with λ max = 330 nm and T = 79%). During irradiation, the sample was kept spinning for homogenization and the temperature was controlled with a variable temperature unit. After irradiation had been stopped, the tube was transferred into the NMR probe, also thermoregulated, of the spectrometer.
For UV-visible spectroscopy, irradiation experiments were made using a CARY 50 Varian spectrometer coupled to a 150 W ozone-free Xenon lamp (6255 Oriel Instruments). The light from the UV lamp was filtered using a water filter (61945 Oriel Instruments) and then carried to the spectrophotometer holder at the right angle to the monitoring beam using an optical fiber system (77654 Oriel Instruments). A light flux of 40 Wm −2 , measured with a Goldilux photometer with UV-A probe, was used. A thermostated (20 • C) 10 mm quartz cell, containing the sample solution (3.5 ml), equipped with magnetic stirring, was used. In a preliminary experiment, the visible absorption spectrum of the closed form and the λ max of the open form were determined. In a second experiment, the absorbance at photostationary equilibrium, A eq , was measured at λ max and then the decrease in the absorbance versus time was monitored. The rate constants were calculated using a multiexponential model.
RESULTS

Synthesis
The synthesis of 1,1-di(4 -fluorophenyl)-2-propyn-1-ol (1) has been reported [10] . Synthesis of 3,3-di(4 -fluorophenyl) prop-2-enal (2) has been reported [11] but the reaction conditions have been here changed because, without the presence of a solvent (1,4-dioxane) and with concentrated sulfuric acid, the final product was not achieved (Scheme 2). 2-bromo-7-hydroxycarbazole was prepared in 31% overall yield by crossed Ullmann reaction from commercially available compounds followed by treatment with triethylphosphite and demethylation [9] . The heteroannellation was obtained by the organotitanium-mediated condensation of 2-bromo-7-hydroxycarbazole with aldehyde (2), leading to C-alkylation in ortho-position that through a subsequent electrocyclization yields the new benzopyrans CF-1 and CF-2 in a 22% and 51% yield, respectively (Scheme 2) [12] . The benzopyrans CF-3 (54%) and CF-4 (42%) were obtained by methylation by phase transfer catalysis with benzyl triethyl ammonium chloride (BTEAC) from CF-1 and CF-2, respectively. All the known compounds showed melting points and spectral characteristics in accordance with literature values [9] . 13 2 Hz) at 9.0 ppm in 1 H NMR spectra, deshielded by C=O, made it possible to assign the major concentrated product to transoid-cis structure [4] . During the thermal relaxation of CF-1 in toluene solution, a great shift and a pronounced broadening of one fluorine signal in TC and one in TT have been observed. The same effect has also been detected in 1 H NMR spectra with a high variation of NH chemical shift (Figure 1 ). This phenomenon has not been underlined in acetone solution. This can be explained by intermolecular solute-solute H-bond formation between the attractive C=O and the donor NH favoured in apolar toluene, while acetone leads to solvent-solute interactions.
Studies by NMR spectroscopy
By measuring the peak-intensities in each of the NMR spectra, the time-evolution curves have been plotted, hence characterising the disappearance of both isomers (Figure 3) .
Analysis of the curves indicates that TC follows biexponential decay to return to the initial closed form, while TT presents monoexponential decrease towards TC. The set of kinetic rate constants of this consecutive thermal mechanism (TT → TC → CF) has been used to plot Eyring's lines (Figure 4 ) and calculate thermodynamic parameters ( Table 1) . The values calculated for thermodynamic parameters of process from TC to CF are very similar with those generally reported for other chromenes and obtained by NMR spectroscopy as well as by spectrophotometric methods [13] [14] [15] .
Studies by UV-visible spectroscopy
The photochromic behavior of the four compounds was studied in 10 −4 M toluene solutions under continuous near-UV-visible irradiation. The compounds CF-1 and CF-2 were also investigated in acetone solutions. Maximal absorption wavelengths (λ max ) of the open forms (λ a and λ b ), thermal bleaching rates (k Δ ), and colorability, estimated under the experimental conditions by the absorbance of the solution after reaching a photostationary equilibrium (A eq ), are the three spectrokinetic parameters evaluated for the characterization of the photochromic compounds. The data are summarized in Table 2 .
In all the cases investigated, the kinetics of bleaching follow a biexponential-model characterizing the presence of at least two species. These two species are assigned to both transoid isomers of photomerocyanines, as confirmed by their rate constants of bleaching which are in good agreement with Eyring's plot previously obtained. Consequently, the values k 1 and k 2 correspond to the thermal rate constants of pathways TC → CF and TT → TC, respectively.
From the data reported, it appears that the presence of the bromine atom in CF-2 does not really affect the behaviour of non-substituted CF-1. In contrast, the ratio of TC : TT strongly changes if we compare the two compounds having a methyl group at the nitrogen atom. Concerning the maximal wavelengths of the open forms, we observed a bathochromic shift and an extension of the visible spectra which display two bands at ca. 440 (λ a ) and 580 (λ b ) nm, due to an increase of the conjugation through the molecule. 
DISCUSSION AND CONCLUSION
The combined spectrophotometric and NMR study at various temperatures made it possible to obtain values of rate constant in good correlation. The k Δ values calculated for the reclosing of TC towards CF-3 and CF-4 are around five times greater than the corresponding NH compounds, CF-1 and CF-2, indicating some destabilization of the open forms of the former compounds.
A great difference has also been obtained concerning the reactivity of isomer TT. Indeed, until now, studies of chromenes at low temperature have underlined a high thermal stability of it [4] . Here, we observed its decrease even if experiments were performed at lowest temperatures. One can suggest that the presence of the indole entity in 5, 6 position of benzopyrans leads to steric hindrance, then favouring the destabilization of the two open forms.
Consequently, UV-visible spectroscopy and NMR measurements have pointed out the formation of the two transoid isomers of photomerocyanines, TC and TT. The spectrokinetic parameters and the structural assignment have been obtained, indicating that these two spectroscopies are Table 2 : Maximal absorption wavelengths of the colored forms (λ a and λ b ), colorability (A eq ), fading rates (k 1 and k 2 ) of CF-1 and CF-2 in toluene and acetone and of CF-3 and CF-4 in toluene solutions under continuous irradiation (10 −4 M at 20 • C). complementary: UV owing to its high sensitivity and timeresolution and NMR owing to its structural identification and the possibility of following the evolution of each form separately.
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